Effect of the substrate temperature on the properties of RE -Fe -B thin film magnets J. Appl. Phys. 96, 5063 (2004) Magnetic NdFeB-based microwire composites have been prepared by the direct current magnetron sputtering technique in a specifically designed sputtering chamber for thin-film deposition in wire geometry. As substrate wire material, we have employed steel and Ta. Annealing of the substrate wires during the deposition process was performed by ohmic heating through the application of a direct current. Samples were characterized by means of vibrating sample magnetometry (VSM) and scanning electron microscopy. Best properties have been encountered when using Ta wires as core (substrate) material. The VSM data show a dramatic impact of the current applied during the deposition process on the magnetic properties. For higher current values, i.e., higher annealing temperatures, the wires exhibit a reversal process that is typical for a two-phase system. Moreover, an increase of the coercive field (and remanent magnetization) is observed, which is ascribed to a modification of the magnetic phase present in the sample due to the annealing. We find an indication for the formation of a magnetic easy-axis direction which is azimuthally oriented around the wire axis. V C 2015 AIP Publishing LLC.
Synthesis and magnetic properties of Ta/NdFeB-based composite microwires P. Szary, 1,a) Magnetic NdFeB-based microwire composites have been prepared by the direct current magnetron sputtering technique in a specifically designed sputtering chamber for thin-film deposition in wire geometry. As substrate wire material, we have employed steel and Ta. Annealing of the substrate wires during the deposition process was performed by ohmic heating through the application of a direct current. Samples were characterized by means of vibrating sample magnetometry (VSM) and scanning electron microscopy. Best properties have been encountered when using Ta wires as core (substrate) material. The VSM data show a dramatic impact of the current applied during the deposition process on the magnetic properties. For higher current values, i.e., higher annealing temperatures, the wires exhibit a reversal process that is typical for a two-phase system. Moreover, an increase of the coercive field (and remanent magnetization) is observed, which is ascribed to a modification of the magnetic phase present in the sample due to the annealing. We find an indication for the formation of a magnetic easy-axis direction which is azimuthally oriented around the wire axis. Permanent magnets represent an intensely discussed field of research due to the tremendous number of applications based on this material class. [1] [2] [3] [4] [5] In particular, hard magnetic, rare-earth-based permanent magnets exhibit excellent magnetic properties regarding anisotropy and saturation magnetization, and thus are one of the key components in energy-related technologies such as wind turbines and hybrid electrical vehicles. 1, 6 The most prominent example to mention is the NdFeB compound possessing a large coercive field and energy product in its Nd 2 Fe 14 B phase, which makes it ideally suited for the aforementioned technologies. 2, 3 However, the increasing demand on these materials causes difficulties regarding availability of the rare-earth elements, leading to growing production costs. In order to tackle this issue, current research aims on synthesizing magnets with lower amount of rare earths, trying to keep the magnetic properties on a comparable level.
Most permanent magnets are prepared by the traditional powder-metallurgical technique. 4, 7 However, more recently, novel fabrication methods have been established for the synthesis of such functional materials. For instance, sputtering from a target in order to grow a thin film on a substrate material is one way, which has attracted increasing interest in the last decade. 2, 3, [8] [9] [10] The thin-film sputtering technique offers a high flexibility and controllability regarding shape and complexity of the magnets for a larger range of applications. These can be, e.g., multilayer systems, nano-or microparticles, or composites. In addition, the preparation of composite magnetic materials, where the rare-earth content is lowered compared to a bulk magnet, represents an alternative research strategy in order to solve the above mentioned problem of a stretched rare-earth supply chain and the ensuing high production costs.
11,12
Here, we report on the synthesis and magnetic properties of NdFeB-based metallic microwire composites. Such systems, consisting of a metallic core-wire coated with a magnetic film with a thickness in the micrometer range, offer novel properties for specific applications, e.g., as sensor elements. The deposition chamber geometry (see Ref. 13 ) combined with capillary introduction systems for the continuous treatment of wires is the particular advantage of our approach which yields a relatively high throughput of magnetic coated wires.
II. SAMPLE PREPARATION AND EXPERIMENTAL METHODS
The samples investigated consist of a metal-wire core (either AISI 302 steel (SST) or Ta), coated with a film sputtered from four NdFeB targets (target composition Fe 78 Nd 14 B 8 ). The wire diameter is about 250 lm and the thickness of the coated films is of the order of a few lm. A photo and a schematic drawing of the preparation chamber are shown in Fig. 1 . The chamber has a base pressure of 1 Â 10 À7 mbar and consists of four identical targets, symmetrically arranged around the substrate wire in order to provide a homogenous coating (see Ref. 13) . The films were sputtered by dc-magnetron sputtering in an Ar-plasma at a pressure of 2 Â 10 À2 mbar. The application of a direct current (dc) to the a)
Author to whom correspondence should be addressed. wire during the deposition process leads to ohmic heating and, thus, to an increase in the deposition temperature. Samples prepared at different temperatures were fabricated by variation of the current between 0 and 1 A. Subsequently, the samples were characterized regarding chemical composition, crystal structure, and magnetic properties by means of scanning electron microscopy (SEM), x-ray diffraction (XRD), vibrating sample magnetometry (VSM), and x-ray photoelectron spectroscopy (XPS). in a more homogenous coating and in less apparent defects on the surface due to a better adhesion on Ta. Moreover, from the magnetic characterization one finds a higher coercivity for the sample with Ta core. These results are in agreement with other studies, 3 which have revealed that Ta buffer layers can enhance the film quality and magnetic properties of NdFeB-based films when using Si wafers as substrate material. However, to the best of our knowledge, a direct comparison between a Ta and SST substrate, in particular, on wires, has not yet been performed.
III. RESULTS AND DISCUSSIONS
Due to the better properties of the films deposited on Ta, all further samples considered from now on consist of a Ta wire as substrate material.
By means of the application of a dc to the wires, it was possible to increase their temperature during the deposition process and thus provide in-situ annealing. Fig. 2(b) corresponds to no application of current). As one can see, the application of a higher current leads to an increase in the roughness of the films.
Magnetically, a pronounced difference between the films prepared under the application of low and high current is encountered, with a transition occurring between 0.6 and 0.8 A. This can be seen from Fig. 3 , which shows the M(H) magnetic hysteresis loops measured on wires fabricated at This difference between parallel and perpendicular orientation (at 5 K and for the 0.4 A sample), which may be partly related to an increased demagnetizing field at low temperature becomes more pronounced for the sample prepared under the application of a higher current; Figs. 3(e) and 3(f) display the corresponding VSM curves for the samples prepared under the application of a 1 A dc at 300 K and 5 K, respectively. One finds that the shape of the hysteresis curves is modified in comparison to the one of the 0.4 A sample. Here, the magnetization curves show a behavior, which is usually characteristic for a two-phase system exhibiting two reversal processes. The same observation is made for the sample prepared at a current of 0.8 A, where the effect is less pronounced (data not shown). For the samples prepared at smaller currents (0-0.6 A, data not shown), the M(H) curves resemble the behavior observed for the 0.4 A sample. At 300 K and in parallel orientation, the measured coercive field for 1 A is 70 mT with a remanence of 23% of M(l 0 H ¼ 8 T), whereas for the perpendicular orientation one finds l 0 H C ¼ 250 mT with 31% remanence. At 5 K, l 0 H C ¼ 240 mT and l 0 H C ¼ 440 mT for parallel and perpendicular orientation, respectively. In both cases, the remanence is about 50% of the magnetization measured at 8 T. Moreover, in perpendicular geometry, a pronounced kink at approximately 5.8 T is observed, which is ascribed to a second reversal step. In case of parallel orientation at 5 K (Fig. 3(f) ), as well as for 300 K for both orientations (Fig. 3(e) ), this kink is not detected. The shapes of the measured M(H) curves of the 1 A sample indicate in all cases a reversal process, which is different from that of the samples prepared at lower currents.
Comparing the magnetic properties obtained from the VSM curves displayed in Fig. 3 , one finds that in most cases the parallel geometry exhibits smaller values for the remanent magnetization and coercive field (an exception is found in Fig. 3(c) , where both curves are identical, and in Fig. 3(f) , where the remanent magnetization for both orientations are equal). This systematic behavior indicates that the hard axis of the system is oriented along the wire axes. As a direct consequence, and taking symmetry considerations into account, the easy-axis direction may then be oriented azimuthally around the wire axis. Moreover, the behavior of increasing H C with increasing dc is observed in all samples, and we infer the presence of a second magnetic phase with a higher anisotropy. The formation of the second phase is apparently favored by the in-situ annealing effect of the ohmic heating. (The strength of the magnetic field due to the application of the current is of the order of a few mT, so that it is neglected in our considerations.) XRD measurements (data not shown) indicate the modification of the crystalline phase of the samples by the application of a dc. Likewise, XPS measurements indicate a significant amount of oxygen in all samples, so that the presence of amorphous or nanocrystalline oxide phases (e.g., Fe 3 O 4 , c-Fe 2 O 3 , and NdFeO 3 ) is expected. Further characterization regarding chemical composition and crystal structure along with numerical micromagnetic simulations taking into account an azimuthal easy-axis distribution is the subject of future investigations.
IV. CONCLUSIONS
In conclusion, we have demonstrated the successful preparation of magnetic NdFeB-based microwire composites, fabricated in a specifically designed magnetronsputtering chamber. Through the variation of deposition conditions, we could find a clear advantage for Ta as a substrate material, which is consistent with other studies on NdFeB films deposited on Si substrates. Moreover, by the application of a dc, we could achieve in-situ annealing of the microwires and in this way improve (or tune) their magnetic properties concerning coercive field and relative remanence.
